The circadian clock is an autonomous oscillator that produces endogenous biological rhythms with a period of about 24 h. This clock allows organisms to coordinate their metabolism and development with predicted daily and seasonal changes of the environment. In plants, circadian rhythms contribute to both evolutionary fitness and agricultural productivity. Nevertheless, we show that commercial barley varieties bred for short growing seasons by use of early maturity 8 (eam8) mutations, also termed mat-a, are severely compromised in clock gene expression and clock outputs. We identified EAM8 as a barley ortholog of the Arabidopsis thaliana circadian clock regulator EARLY FLOWERING3 (ELF3) and demonstrate that eam8 accelerates the transition from vegetative to reproductive growth and inflorescence development. We propose that eam8 was selected as barley cultivation moved to high-latitude short-season environments in Europe because it allowed rapid flowering in genetic backgrounds that contained a previously selected late-flowering mutation of the photoperiod response gene Ppd-H1. We show that eam8 mutants have increased expression of the floral activator HvFT1, which is independent of allelic variation at Ppd-H1. The selection of independent eam8 mutations shows that this strategy facilitates short growth-season adaptation and expansion of the geographic range of barley, despite the pronounced clock defect.
The circadian clock is an autonomous oscillator that produces endogenous biological rhythms with a period of about 24 h. This clock allows organisms to coordinate their metabolism and development with predicted daily and seasonal changes of the environment. In plants, circadian rhythms contribute to both evolutionary fitness and agricultural productivity. Nevertheless, we show that commercial barley varieties bred for short growing seasons by use of early maturity 8 (eam8) mutations, also termed mat-a, are severely compromised in clock gene expression and clock outputs. We identified EAM8 as a barley ortholog of the Arabidopsis thaliana circadian clock regulator EARLY FLOWERING3 (ELF3) and demonstrate that eam8 accelerates the transition from vegetative to reproductive growth and inflorescence development. We propose that eam8 was selected as barley cultivation moved to high-latitude short-season environments in Europe because it allowed rapid flowering in genetic backgrounds that contained a previously selected late-flowering mutation of the photoperiod response gene Ppd-H1. We show that eam8 mutants have increased expression of the floral activator HvFT1, which is independent of allelic variation at Ppd-H1. The selection of independent eam8 mutations shows that this strategy facilitates short growth-season adaptation and expansion of the geographic range of barley, despite the pronounced clock defect.
T he timing of flowering during the year is an important adaptive trait that strongly influences reproductive fitness. Many plants use the environmental cue of day length (photoperiod) to regulate flowering and this response can vary within species along a latitudinal cline (1) (2) (3) . Photoperiod response has been extensively studied in Arabidopsis, where daily light oscillations entrain the circadian clock (4) , which is the internal timepiece by which photoperiod is measured. In Arabidopsis, the circadian clock is composed of several feedback loops that interlock to provide robustness (5, 6) . The related Myb transcription factors CIRCADIAN CLOCK ASSOCIATED1 (CCA1) and LATE ELONGATED HYPOCOTYL (LHY) have expression peaks in the morning and act antagonistically to the pseudoresponse regulator (PRR) TIMING OF CAB EXPRESSION1 (TOC1), which peaks in the evening. CCA1 and LHY promote the expression of PRR7 and PRR9, which themselves repress CCA1 and LHY, forming a morning feedback loop (5) (6) (7) . This loop also involves EARLY FLOWERING3, EARLY FLOWERING4, and LUX ARHYTHMO (ELF3, ELF4, LUX), which repress PRR7 and PRR9 (8) (9) (10) ). An additional evening feedback loop involves GIGANTEA (GI), which promotes TOC1, which in turn represses GI (5) . ELF3 also affects the evening loop by regulating GI protein turnover (11) . Clock circuitry thus functions continuously during the day and this provides capacity for timed physiological outputs in response to the time of day.
The clock is important for providing diurnal and seasonal control of flowering. In Arabidopsis, transcriptional outputs from the clock regulate CONSTANS (CO) expression so that it peaks late in the day (12) . When CO protein is produced in the light period, which only occurs in long days, it activates the floral inductive target FLOWERING LOCUS T (FT) (13, 14) . Circadian clock and core photoperiod genes are well conserved in barley (15) , suggesting that they retain conserved functions and that information from Arabidopsis will be useful for identifying and interpreting barley mutations affecting the circadian clock and photoperiod response.
Wild-type barley is early flowering under long days (LDs) and later flowering under short days (SDs). The main locus affecting LD photoperiod response is Ppd-H1 (16), a PRR gene, the closest ortholog of which in Arabidopsis is the morning clock gene PRR7 (15, 16) . The ppd-H1 mutation has no effect under SDs, but delays flowering under LDs, and this is advantageous in long growth season environments (3, 16) . Delayed flowering is associated with reduced expression of HvFT1, the barley counterpart of Arabidopsis FT (16, 17) . In contrast, the barley early maturity8 (eam8) mutation, also termed mat-a, causes an early-flowering day-neutral phenotype with rapid flowering under either SDs or LDs (18, 19) . The eam8 mutations are recessive, indicating loss of gene function. Spontaneous and induced eam8 mutations have been used commercially in varieties bred for environments with short growth seasons, such as those of Scandinavia (20) .
To understand how eam8 affects flowering and adaptation, we used transcript-based cloning to identify the EAM8 gene, which we showed to be the ortholog of Arabidopsis ELF3. We then showed that eam8 mutations affect the expression of genes that are components of the circadian clock, severely attenuating clock function, and affect the downstream photoperiod pathway. We analyzed flowering time and expression of clock and clock-output genes in two contrasting genetic backgrounds: the spring barley Bowman (ppd-H1) and the winter barley Igri(Ppd-H1). We show that eam8 produces an early flowering phenotype in a background with a wild-type or mutated Ppd-H1 allele, and in this context we discuss reasons why eam8 mutations provided an effective adaptive solution despite their effects on the circadian clock.
Results
eam8 Mutants Are Early Flowering in SD or LD Conditions. We recorded days to flowering of Bowman (ppd-H1) and derived introgression lines carrying Ppd-H1, eam8_ea8.k (naturally occurring allele), eam8_ert.016 (induced allele), or Ppd-H1+eam8_ea8.k (Fig. 1A) . Under SDs (10-h light), Ppd-H1 had no effect, but the eam8 and Ppd-H1+eam8 lines were equivalent and flowered 25 d earlier than Bowman. Under LDs (18-h light), Ppd-H1 plants were ∼20 d earlier flowering than the Bowman (ppd-H1) parent, consistent with previous findings (16) . The eam8 lines flowered earlier than Bowman, but were significantly later than lines carrying a functional Ppd-H1 allele. Ppd-H1 and Ppd-H1+eam8 lines flowered at the same time. A separate controlled-environment experiment compared vernalized plants of Igri (Ppd-H1), eam8_ea8.k and Igri(eam8_ea8.k) under SD and LD conditions (Fig. 1B) . The Igri (eam8) line accelerated flowering compared with Igri and behaved similarly to Bowman(eam8). Under SDs, therefore, the early-flowering phenotype of eam8 mutants was not dependent on, or enhanced by, a functional Ppd-H1 allele. Under LD, variation at Ppd-H1 had a small effect on flowering time of eam8 plants in the Bowman background.
We then assessed the effect of eam8 on meristem development. Under LDs, Bowman and Bowman(eam8) apices reached the double-ridge stage (the first visible sign of floral identity) and started stem elongation at the same times. However, inflorescence development was significantly faster in Bowman(eam8) ( Fig. 2A) , which flowered after 23 d when Bowman was still in the stem elongation phase. Under SDs, Bowman(eam8) reached the double-ridge and stem elongation stages earlier than Bowman (Fig. 2  B-D) . Thus, early flowering in Bowman(eam8) was caused by faster inflorescence development under LDs, but under SDs the transition to a reproductive meristem and inflorescence development were accelerated.
EAM8 Encodes a Barley Ortholog of the Arabidopsis ELF3 Gene. We isolated the EAM8 gene by transcript-based cloning. Barley1 Affymetrix microarrays compared gene expression at the end of the light period in vernalized plants of Igri, Igri(eam8), and Igri (eam7) (phenotypically similar to eam8 but genetically distinct) ( Fig. S1 and Table S1) after 10 d growth at 16°C under SDs or LDs. Misexpressed genes in eam7 and eam8 suggested a defect in circadian-clock function and an analysis of transcripts specifically missing from Igri(eam8) identified one as a homolog of the Arabidopsis circadian-clock gene ELF3 (Table S1 ). The gene was fully sequenced from a Morex BAC clone and then amplified in segments by PCR and sequenced from Igri, Bowman, and Golden Promise (all with a genetically wild-type allele at EAM8). The predicted barley protein was aligned with Arabidopsis ELF3 and other previously identified ELF3-like proteins using the ClustalW method, and the alignment was used to construct a phylogenetic tree that placed the barley protein with wheat and Brachypodium sequences previously identified as ELF3 homologs (8, 15) (Fig. S2) .
The ELF3-like gene was then sequenced from four independent eam8 mutant alleles. The ert-016 (X-ray induced) allele had a complete deletion of the gene and the ea8.k allele had a partial deletion. The variety Mona had a 4-bp deletion in exon 2 and Early Russian (eam8.w) had a C-to-T point mutation in exon 2, both of which would encode a truncated protein (Fig. 3) . Polymorphism identified by sequencing allowed the barley ELF3-like gene to be mapped in the Igri × Igri(eam8) mapping population, where it cosegregated with the eam8 mutation (Fig. S1 ). We concluded from these data that EAM8 was the ELF3 ortholog and that lossof-function mutations produced the eam8 phenotype. EAM8 Is Required for Normal Circadian Function. Because Arabidopsis elf3 is early flowering and defective in circadian clock function (8), we tested clock-gene expression. Bowman and Bowman(eam8.w) were grown for 18 d under SDs (8-h light/16-h dark), at which point the shoot apical meristem was vegetative in Bowman and had transitioned to a floral meristem in Bowman (eam8.w). Plants were sampled at 2-h intervals over 24 h in a light-dark cycle and for 48 h under constant light (LL) conditions. We measured expression of barley orthologs of Arabidopsis core clock genes (HvCCA1 and HvTOC1) and the evening loop gene HvGI and EAM8 (HvELF3) itself. Expression in Bowman oscillated under SDs and the timing of expression peaks was consistent with studies in rice (22) (Fig. 4 A-D) . Expression peaks were maintained under LL conditions, which showed that these genes have circadian regulation (Fig. 4 E-H) . In Bowman(eam8.w), EAM8 exhibited lower expression than in Bowman (Fig. 4D) . HvCCA1, HvTOC1, and HvGI showed a strongly dampened amplitude, especially under LL, and the evening-expressed genes HvTOC1 and HvGI peaked earlier (6 h in SDs and 4 h under LL) (Table S2 ). Expression patterns of HvCCA1, HvTOC1, HvGI, and EAM8 in Igri and Igri(eam8) were essentially identical to those in the Bowman background (Fig. 4 I-L) , showing that clock effects were equivalent in Ppd-H1 and ppd-H1 backgrounds. Igri and Igri(eam8) plants were harvested 10 d after sowing and Bowman plants were harvested 18 d after sowing. Microscopic dissection and analysis of apex development showed that in both cases the wild-type was vegetative and the mutant was at the transition to flowering. Hence, the developmental stages were comparable.
Additional clock and clock output genes, including homologs of PRR59, FKF1, and chlorophyll A-B binding protein genes, displayed altered expression in the eam8 mutant compared with wild type in the analysis of the Affymetrix arrays (Table S1 ). Misexpression over a 24-h time course was confirmed for a chlorophyll a/b binding protein gene by quantitative RT-PCR (qRT-PCR) (Fig. 5) . As the wild-type and eam8 mutant plants reached specific developmental stages at different rates (Fig. 2) , the plants were at different developmental stages when sampled for gene expression (Figs. 4 and 5) . To assess whether developmental state affected gene expression, we measured the diurnal expression of circadian clock orthologs in Bowman under SDs before (at 8 d) and after (at 21 d) the transition to a reproductive meristem. The expression profiles showed no qualitative differences (Fig. S3) . We therefore concluded that differences in gene expression and phenotype were because of the eam8 mutation and that eam8, like Arabidopsis elf3 (8), consistently displayed significant disruption in the expression of core clock genes and clock output genes.
eam8 Affects the Expression of Floral Integrator Genes. To understand how eam8 affected flowering time, we measured expression of photoperiod pathway genes Ppd-H1, HvCO1, and HvFT1 under SD and LL conditions. SD is the condition where the difference in flowering behavior between mutant and wild-type plants Significant differences (P < 0.05) were calculated by ANOVA using expression data of three consecutive time points in a sliding-window approach across 24 h. (I-L) Expression patterns for Igri (black diamonds and lines) and Igri(eam8_ea8.k allele) plants (red squares and lines). Plants were grown under SDs (9-h light) for 10 d and sampled at 3-h intervals over 24 h. EAM8 was undetectable in the Igri(eam8_ea8.k) line as the gene is deleted in this mutant (Fig. 3) . Error bars are standard deviations of three biological replicates. Significant expression differences by ANOVA are shown: *P < 0.05, **P < 0.01, ***P < 0.001.
was greatest. The mutant ppd-H1 allele had a morning peak of expression in Bowman under SD and LL, consistent with previous studies (16, 23) . Expression was higher in Bowman(eam8) at all time points, and particularly during the dark or subjective dark during LL when expression was lowest in Bowman. eam8 therefore de-repressed transcript accumulation of ppd-H1. Increased expression of Ppd-H1 (Fig. 6 A, D , and G) might be the result of a conserved ELF3 function because its primary targets in Arabidopsis are related members of the PRR family (8) .
In Bowman, HvCO1 peaked 4 h after the end of the light period under LD, consistent with previous studies (16, 23) , and continued to cycle under LL with peaks at the beginning of the subjective night. HvCO1 expression was lower in Bowman(eam8) under SD and LL. HvFT1 expression was nearly undetectable in Bowman, but was strongly increased in Bowman(eam8), consistent with the respective flowering phenotypes (Fig. 1) . This result shows that activation of HvFT1 did not require increased HvCO1 expression. Parallel experiments comparing Igri and Igri(eam8) showed increased expression of Ppd-H1, HvCO1, and HvFT1, suggesting the Ppd-H1 allele had an effect on HvCO1 (Fig. 6 ). In summary, eam8 mutations significantly affected expression of circadian clock and clock output genes and induced flowering by up-regulating HvFT1 in a way that is not dependent on wild-type Ppd-H1.
eam8 Mutations Are Found in Different Clades of Accessions
Containing the ppd-H1 Mutation. Because the eam8 mutation caused early flowering independently of Ppd-H1, we investigated the distribution of eam8 relative to the widespread functional polymorphism in Ppd-H1, which is of long standing and might even have arisen before the domestication of barley (3). A 1.6-kb fragment of EAM8 covering part of exon 2, exon 3, and part of exon 4 (Fig. 3) was sequenced from 80 diverse barley lines comprising the genotypes described in above, plus a collection of 76 barley accessions originating from Europe, East Asia, West Asia, North Africa, and America (Table S3) . These lines are a subset of a core collection (24) capturing the widest range of diversity for European areas, with a focus on genotypes from short growing seasons. Sequences were aligned by the ClustalW method using MEGA5 (25) and phylogenetic analysis was performed using the neighbor-joining method (26) within the MEGA5 package with bootstrap values from 10,000 trials (Fig.  S4) . Evolutionary distances were computed using the maximum composite likelihood method and are in the units of the number of base substitutions per site; the differences in the composition bias among sequences were considered in evolutionary comparisons.
The phylogenetic analysis showed that functional mutations in EAM8 are rare compared with the widely distributed ppd-H1 mutation (Fig. S4) , suggesting that eam8 mutations arose within germplasm containing ppd-H1. eam8 mutations are thus relatively recent, consistent with the observation that there were only widely introduced into breeding programs during the second half of the 20th century (20) .
Discussion
In Arabidopsis, ELF3 and LUX physically associate with the promoters of PRR7 and PRR9 to repress transcription. PRR7 and PRR9, in turn, repress CCA1 and LHY (8, 10, 27) . Geneexpression results in barley were consistent with a conserved role for EAM8. In comparison with wild-type plants, the eam8 mutants showed increased expression of Ppd-H1 (a PRR gene), particularly during the night or subjective night, and expression Significant differences (*P < 0.05) were calculated by ANOVA using expression data of three consecutive time points in a sliding-window approach across 24 h. of core clock and clock-output genes was also altered (Figs. 4-6) . Expression patterns of HvCCA1, HvGI, and HvTOC1 showed significantly dampened amplitude in the eam8 mutant lines compared with wild-type, both under SD and LL. Furthermore, expression of the evening-expressed genes HvGI and HvTOC1 peaked earlier under SD and LL in the eam8 mutants. These effects of eam8 are reminiscent of the effect of an Arabidopsis elf3-12 allele, which encodes an amino acid replacement in a conserved domain and resulted in a short circadian period under ambient light (8) . The circadian clock can be entrained by temperature fluctuations as well as light/dark cycles (4). In the barley experiments, the use of controlled environment rooms with limited temperature variation or glasshouse environments, where temperatures fluctuated between day and night, gave consistent results in terms of eam8 phenotype. Therefore, neither diurnal changes in temperature nor light could rescue the clock defects and restore normal flowering behavior in the eam8 mutants. Thus, the barley eam8 genotype is severally attenuated in core clock function and we propose that this is the cause of the early-flowering phenotype.
The eam8 mutants had increased expression of HvFT1 compared with wild-type plants, consistent with their early-flowering phenotype. In the Igri background this may result from elevated levels of Ppd-H1, because this is similar to wheat plants with dominant Ppd-1 mutations that show elevated expression of the Ppd-1 gene itself, elevated FT1 expression, and an early-flowering phenotype (28) . However, in eam8 mutants of barley the early-flowering phenotype and the effects on clock gene expression were also observed in the Bowman background with the recessive ppd-H1 mutation. This finding suggests that EAM8 affects the circadian clock by regulating PRR genes in addition to Ppd-H1, and that there is a pathway independent of Ppd-H1 that leads to increased HvFT1 expression in the eam8 mutants. An alternative explanation is that the ppd-H1 mutation is hypomorphic and has sufficient function to affect clock gene expression and flowering when expressed at the increased level observed in eam8 mutants. Differences at the Ppd-H1 locus may therefore explain the difference in HvFT1 expression pattern in Igri and Bowman plants (Fig. 6 ).
The eam8 mutants had inconsistent effects on the expression pattern of HvCO1, with increased expression in the Igri background and decreased expression in the Bowman background (Fig. 6) . The reason for this finding is unclear but it demonstrates that increased expression of HvCO1 was not required for the high HvFT1 expression observed in eam8 mutants. This finding is consistent with other results in barley showing that variation at Ppd-H1 affects HvFT1 expression and flowering independently of HvCO1 expression levels (23) and in wheat, where dominant Ppd-1 mutations induce increased TaFT1 expression without increased TaCO1 expression (28) . These results suggest that CO homologs in temperate cereals are less important for photoperiod response than CO in Arabidopsis.
The ubiquity of clocks in the natural world, including crop plant ancestors, strongly points to an adaptive advantage, and a functional circadian clock has been shown experimentally to benefit fitness (29) . It could therefore be seen as an enigma that modern breeding has selected a clock-attenuated mutant in eam8. We suggest that this enigma has a historical explanation. The adaptation of crops to specific eco-geographical regions-in this case, the expansion of cultivated barley in Europe-is likely to have occurred in discrete steps. Movement of barley to areas with cold winters and warm, wet summers favored genotypes with no vernalization requirement and reduced photoperiod response (the ppd-H1 mutation) suitable for spring sowing (3, 16) . Further expansion into shorter growing seasons in Scandinavia required the selection of early flowering in the context of a ppd-H1 genetic background. Adaptation was provided by mutations in EAM8 (20) . Alternative routes to earliness that do not disrupt the circadian clock can be envisaged for a ppd-H1 genetic background; for example, this could be through a gainof-function mutation at HvFT1. We suggest that loss of EAM8 function was selected because it provided a more effective solution for northern environments with short growing seasons, but long day lengths, which can exceed 20-h light in 1 d. The eam8 mutations might be effective in such environments because they could combine early flowering for the short growing season with reduced gating of physiological processes, as illustrated by the expression of a chlorophyll a/b binding protein gene (Fig. 5) . This process could potentially increase light harvesting and photosynthesis and increase biomass accumulation and seed production under very long days.
The analysis of eam8 in relation to plant adaptation to northern environments shows that in some circumstances there are benefits from the loss of circadian clock function. This idea has an intriguing conceptual parallel in work on vertebrate animals from Scandinavia, as it has been shown that reindeer (Rangifer tarandus) do not show circadian organization of behavior under continuous light or dark conditions (30) . This finding is not because of disconnection of the clock from behavior but because of reduced function of the clock itself, as two key genes (Bma1 and Per2) assayed in fibroblasts failed to show circadian rhythms of expression (31) . Thus, plants and animals from environments that experience extreme variation in light period during the year have adapted by reducing their dependency on the circadian clock.
Because of their wide eco-geographical distribution, crop species like barley provide a rich source of variation for studying adaptation. By combining this finding with knowledge of plant development and genetic pathways, it is possible to understand the mechanisms underlying adaptation and their benefits for specific environments. In turn, this provides the potential for further improvement of crop performance.
Materials and Methods
Plant Material and Growth Conditions. The spring barley cultivar Bowman and an introgression line Bowman(eam8.w) (kindly provided by R. Waugh, James Hutton Institute, Dundee, United Kingdom) were used to test diurnal and circadian expression of core clock and flowering-time genes. Replicate plants were grown in soil in a controlled environment growth chamber (8-h light, 20°C/ 16-h dark, 18°C, SD treatments). After 14 d replicate plants per genotype were harvested every 2 h for a total of 24 h from the start of the light period (T0). Night samples were collected in the dark. After SD sampling, Bowman and Bowman(eam8.w) plants were released into continuous light (20°C; LL treatment). Sampling started at T8 and continued every 2 h for 48 h. A minimum of three biological replicates were taken per time point, each comprising the second youngest leaves of three independent plants. Samples were pooled and immediately frozen in liquid nitrogen and stored at −80°C until processed.
Igri(eam8) lines were developed by two backcrosses with marker selection for Igri alleles at Vrn-H1 (32) and Vrn-H2 (33) (determining vernalization requirement), and Ppd-H1 (16), followed by self-pollination and selection of early flowering in vernalized plants under SDs. BC 2 F 2 populations confirmed the map position of the eam8 locus in the distal region of chromosome 1HL (Fig. S1 ). Plants carrying the phenotypically similar eam7 mutation were developed in the same way. The eam8 donor was provided by R. Ellis, University of Reading, Reading, United Kingdom, and the eam7 donor was provided by A. Börner, Leibniz Institute of Plant Genetics and Crop Plant Research, Gatersleben, Germany. For gene expression, replicate plants were grown in soil in a controlled environment growth chamber (9-h light, 16°C/ 15-h dark, 16°C, SD treatments). Three biological replicates of three plants were taken every 3 h over a 24-h period.
Flowering times (days to awn emergence of the main stem) were recorded for Bowman, Bowman introgression lines carrying Ppd-H1, eam8, or Ppd-H1 +eam8, and Igri and Igri(eam8) plants (10 per genotype per experiment). Plants were grown in soil in a glass house providing 10-h natural light or 18-h natural plus supplementary light. Bowman introgression lines (developed by J. D. Franckowiak, North Dakota State University, Fargo, ND) were obtained from the US Department of Agriculture National Germplasm Resources Laboratory, Aberdeen, Idaho. The results bring together work from two different laboratories, which worked with different SD and LD conditions, but tests showed that these differences made minimal difference to plant behavior (Fig. S5) . The day lengths used clearly separate SD and LD effects and make it valid to combine results from 8-h/10-h SD or 16-h/18-h LD experiments.
Identification of EAM8. Sequence of Affymetrix array feature Barley_13595 (Table S1 ) (http://www.plexdb.org/plex.php?database=Barley) was used for tblastn searches of EST databases at the National Center for Biotechnology Information Web site (http://blast.ncbi.nlm.nih.gov/Blast.cgi). Gene sequence was used to develop primers for PCR and a partial sequence was used to screen a barley BAC library (cv. Morex) (34) . The gene was fully sequenced from BAC clone 537I19. PCR was then used to amplify and sequence alleles from Igri (GenBank accession no. HQ850272), Bowman (GenBank accession no. HQ850273), Bowman(eam8_ea8.k allele), Mona (GenBank accession no. HQ850275), and Early Russian.
Gene Expression Analysis. HvCCA1 and HvTOC1 sequences, PCR primers for all of the genes analyzed, and methods used to measure gene expression are described in Table S4 .
Statistical Analysis. Significant differences in flowering time and meristem development between eam8, eam8+Ppd-H1, and wild-type genotypes grown under SD or LD were calculated with paired t tests using a 95% confidence level (P < 0.05). Significant differences (P < 0.05) between expression profiles of Igri and Igri(eam8) were calculated for each time point based on three biological replicates with a one-factorial ANOVA. Significant differences in gene expression between eam8 mutant and wild-type Bowman measured under LL for 2 consecutive days were calculated using a general linear model in the SAS software, v9.1 (35) with the factor's genotype, time point, and first-order interaction effects. For calculating significant differences (P < 0.05) between least-squares means of the genotype by time interactions, expression data over 2 d were considered as replicates of a 24-h day and a Tukey-Kramer adjustment for multiple comparisons was used. Significant differences in gene expression measured during SD were calculated using a general linear model where three consecutive time point measurements were considered as replicates in a sliding window approach across the 24 h. Significant differences are indicated in Figs. 4-6 , if gene expression for three consecutive time points were significantly different between genotypes.
Note: As this manuscript was under review and decision appeal, EAM8 (Mat-a) was also identified as an ELF3 ortholog by fine-scale mapping and allele sequencing by Zakhrabekova et al. (36) .
